Abstract. The combination of simultaneous global images of the north polar region obtained with the IMAGE-FUV imaging system makes it possible to globally map the properties of the electron and proton auroral precipitation. The SI12 imager, which observes the Doppler-shifted Lyman-α emission, provides a global snapshot of the proton aurora every 2 min. These images may be combined with those from the Wide-band Imaging Camera (WIC), to remotely characterize the proton precipitation in proton-dominated auroral structures frequently observed in the afternoon and pre-midnight sectors at the equatorial edge of the auroral oval. It is shown that both the proton energy flux and the mean energy determined by this method are in good agreement with coincident in situ measurement from low altitude satellites carrying proton detectors, when taking into account the different spatial resolution of the two types of observations. Four protondominated cases are illustrated in this study. They belong to two categories of proton auroral features: (i) hydrogen arcs known to occur in the evening sector equatorward of the electron oval and (ii) detached proton arcs observed with IMAGE-FUV in the afternoon sector following changes in orientation of the interplanetary magnetic field. They are characterized by a proton flux of 0.5-2 mW m −2 and a mean energy in the range 10-17 keV.
Introduction
A major objective of the Far Ultra Violet instrument (FUV) on board the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) mission is the observation of the global distribution of the electron and proton auroras in parallel with large-scale changes in the magnetosphere (Burch et al., Correspondence to: J.-C. Gérard (JC.Gerard@ulg.ac.be) 2001; Mende et al., 2001 ). An important feature of the Far Ultraviolet imager is its capability to simultaneously image the aurora in three wavelength regions . The imagers obtain snapshots of the north polar region approximately every 2 min: (i) the Wideband Imaging Camera (WIC) in the N 2 Lyman-Birge-Hopfield (LBH) bands in the passband 140-180 nm; (ii) a Spectrographic Imager (SI12) sensitive to the Doppler-shifted Ly-α emission around 121.8 nm; and (iii) a Spectrographic Imager (SI13), with a passband of ∼5 nm centered on the 135.6 nm OI doublet including some N 2 LBH contribution. The integration period to construct the images is ∼10 s for WIC and ∼5 s for the SI imagers.
FUV auroral emissions can be excited either by precipitating electrons and/or protons (Strickland et al., 1993; Hubert et al., 2001) , with the exception of the hydrogen lines which are solely excited by energetic protons. As protons penetrate into the atmosphere, they are progressively slowed down by elastic and inelastic collisions with major neutral constituents. During some of these collisions, the proton captures an electron, leaving a fraction of the fast hydrogen atoms excited in the upper state of the Ly-α transition. Since the fast hydrogen atoms keep the energy of the protons on charge exchange, they bear the signature of the proton characteristics before the electron stripping collision. As the hydrogen atoms move away (toward) from the observer, a photon is emitted with a Doppler shift to the red (blue) side of the unshifted line center. The observed line profile is the result of the integration of the contributions of all velocity vectors projected on the line of sight. Other auroral emissions contain no direct information about the identity of the exciting particle-electron, proton or hydrogen atom. Nevertheless, an analysis of the emission from hydrogen atoms, together with secondary electron-induced emissions of oxygen and nitrogen can be used to derive information about the precipitating protons.
Observations of proton aurora Balmer lines (H α , H β ) made from the ground (Meinel, 1951; Eather, 1967 Ly-α (kR) Fig. 1 . Variation of the Ly-α emission rate for a unit (1mW/m 2 ) incident proton energy flux as a function of the mean initial energy of the protons. The curve was calculated for a kappa energy distribution and a nadir observation from outside the atmosphere. Lorentzen et al., 1998; Synnes, 1998; Deehr and Lummerzheim, 2001; Lummerzheim and Galand, 2001; Takahashi and Fukunishi, 2001 , and references therein) were very useful in specifying the characteristics and morphology of proton precipitation. In situ rocket measurements related to proton aurora studies were also obtained (Miller and Shepherd, 1969; Reasoner et al., 1968; Soraas et al., 1974) . Obervations of auroral Ly-α emission from space was reported by Ishimoto et al. (1989) .
Global proton precipitation patterns have been statistically described as a function of the K p geomagnetic index based on several years of ion energy spectra measurements by the Defense Meteorological Satellite Program (DMSP) satellites (Hardy et al., 1989) . They indicate that the maximum energy flux occurs in C-shaped regions symmetric about a meridian running pre-noon to pre-midnight. In comparison to the DMSP statistical electron precipitation data (Hardy et al., 1985) , the statistical proton oval is displaced equatorward of the electron oval in the afternoon and pre-midnight sectors, although some overlap is frequently observed. The resulting pattern of FUV emission was modeled by . They showed that the Ly-α emission presents a spatial distribution resembling that of the flux of proton precipitation. However, the energy dependence of the efficiency of the emission introduces a nonlinear relationship between the energy flux and the resulting Ly-α emission rate. They also indicated that the ratio of the Ly-α to the N 2 LBH bands becomes a less reliable indicator of the fraction of the proton precipitation when the fraction of energetic electrons increases in the auroral beam.
Earlier studies of the morphology and dynamics of the proton aurora with SI12 images Burch et al., 2002) have revealed the presence of detached subauroral proton arcs in the afternoon and dusk sectors of the Northern Hemisphere under changing interplanetary magnetic field (IMF) conditions. Time series of proton aurora images have shown that when IMF B z changes from negative to positive or when B y rotates from negative to positive, the auroral oval contracts, leaving a separation of several degrees between the latitude of the oval position and the suboval proton arc in the afternoon sector. Comparisons with measurements from particle detectors have shown that detached hydrogen arcs are excited by precipitation of protons with higher energies than the main auroral oval. Regions of detached proton precipitation had been observed in situ by Sanchez et al. (1993) and Gvozdevsky et al. (1997) . The development of detached subauroral proton arcs in the afternoon and dusk sectors of the Northern Hemisphere under changing IMF conditions observed by IMAGE Immel et al., 2002) appears consistent with these features. In the case of subauroral proton precipitation, a shift between the peaks of the SI12 and WIC signals is clearly observed, indicating a spatial separation between precipitating electrons and protons.
Forward modeling of Ly-α emission and the SI12 count rate produced at the magnetic footprint of proton precipitation measured in situ has been reported by and Burch et al. (2002) . Comparison with the Ly-α emission extracted along the satellite track from SI12 images showed good agreement with the peak value at the center of the proton arc , although the latitudinally integrated brightness may underestimate the observations by up to a factor of 2. Coumans et al. (2002) have shown that protons with energies above 30 keV, the upper limit of the DMSP and FAST particle detectors, may play a significant role in the excitation of the equatorward regions of the proton aurora, particularly in the afternoon sector.
In this study, we describe a methodology allowing for the extraction of the parameters of proton precipitation using SI12 and WIC imaging of proton-dominated auroral regions and discuss sources of uncertainties and errors. We show that IMAGE-FUV global imaging may be used to map and remotely determine proton precipitation flux and characteristic energy values consistent with in situ particle measurements.
Model description
The auroral proton Monte Carlo and electron transport codes described by Gérard et al. (2000) and Hubert et al. (2001) are used to calculate the emission rates of Ly-α and N 2 bands excited by the interaction of auroral protons with the atmosphere. Once a proton energy distribution at the top of the atmosphere has been adopted, the model calculates the emerging emission rates excited by the direct proton and H atoms' impact, combined with the secondary electron population generated by ionization processes. Figure 1 illustrates the variation of the Ly-α auroral brightness for a nadir observation from a high altitude spacecraft as a function of the proton mean energy. The adopted energy distribution is a kappa function with κ = 3.5 and an isotropic energy flux of 1 mW/m 2 at the top of the atmosphere. The kappa index was determined by fitting the average proton energy spectra given by Fig. 7 in Hardy et al. (1989) for K p = 3 at four different local times . A value of 3.5 was adopted, as it provides a reasonably good fit to the data. The drop of the efficiency of the Ly-α excitation is a consequence of the increasing competition between excitation into the HI 2-s state and other processes, such as ionization of the target molecules. These values are close to those derived by Strickland et al. (1993) as discussed by Gérard et al. (2000 Gérard et al. ( , 2001 . Figure 2 shows the variation of the LBH/Ly-α ratio with the proton mean energy for a proton precipitation with a kappa (κ = 3.5) distribution for a nadir viewing geometry. The increase of this ratio with the proton energy reflects primarily the drop in the Ly-α efficiency shown in Fig. 1 . It also includes the radiative effect of the increasing proton energy, which lowers the altitude of energy deposition below ∼120 km. At these altitudes, the short wavelength LBH bands are gradually absorbed by the overlying O 2 column (Germany et al., 1997; Hubert et al., 2001) . In this case, the MSIS-90 model atmosphere was used for the same solar and geomagnetic conditions as described in Hubert et al. (2001) . These two curves can be combined as discussed below to characterize the precipitation in proton-dominated auroral arcs. For this purpose, the instrument response functions of the SI12 and WIC cameras must be taken into account. They were described by Mende et al. (2000) and . In-flight observations of hot stars were used to determine the absolute sensitivity with an accuracy estimated at 7% for SI12 and 10% for WIC cameras, respectively . Daily observations of the same star fields provide the correcting factors to account for the time variation of the sensitivity of the individual imagers. Uncertainties on excitation cross sections and numerical models are estimated to be on the order of 20%.
The sensitivity of the FUV instrumental efficiency curves to the neutral atmospheric composition was discussed by (2002) and Meurant et al. (2003) . The semiempirical MSIS-90 model (Hedin, 1991) was used in the transport models to obtain the temperature and neutral density profiles. However, compositional changes in the aurora (upwellings) can cause a local increase in the N 2 /O ratio (Hecht et al., 2000) . Simulations have shown that variations of the N 2 and O 2 densities result in minor perturbations of the calculated WIC signal . The increase in the O 2 density enhances the absorption of the short wavelength LBH emission and slightly decreases the column emission rate. For example, for electrons with a mean energy of 4 keV, a doubling of the N 2 and O 2 densities compared to the MSIS density profile produces a drop in the WIC signal by only 3%. An additional decrease in the O density by a factor of 2 produces a WIC efficiency drop of about 9%. Simulations with the Monte Carlo model also confirm that the SI12 count rate also responds only very moderately to composition changes. For example, for protons with a kappa distribution with E p = 3 keV, a depletion of the O density by a factor of 2 compared to the MSIS density profile produces a drop in the SI12 count rate by 10% (Coumans et al., 2002 ). An additional doubling of the N 2 and O 2 densities results in a total efficiency drop by about 9%. These perturbations must be considered as upper limits occuring in narrowly confined regions of strong auroral precipitations (Hecht et al., 2000) . Since the extent of the WIC and SI point spread functions are on the order of 150 × 150 km 2 from spacecraft apogee, this source of uncertainty for the determination of the proton characteristics is likely to be small in comparison with the intrumental count noise and model uncertainties. The method applied to derive the proton characteristics from FUV and compare with in situ measurements is described below.
1. The WIC and SI12 count rates are extracted for the FUV pixel corresponding to the footprint at 120 km of the magnetic field line at the instantaneous DMSP position.
To account for the motion of DMSP along its orbit during the 2 minutes between consecutive snapshots, the count rate from each individual FUV image is extracted along the footprint track of DMSP from the position one minute before to one minute after the central snapshot time. The appropriate FUV pixel from the snapshot is chosen to minimize the difference between the geographic coordinates of the magnetic field line mapped from the DMSP satellite to 120 km and the position of the FUV pixel. The assumption that the proton precipitation did not significantly change over the 2-min period is verified by comparing the morphology and count rate observed with SI12 in consecutive images.
2. We assume that, at the maximum of proton precipitation (presumably observed as a maximum of SI12 signal), the dominating contribution to the WIC signal is due to protons and secondary electrons produced by proton impact, with a negligible contribution from primary auroral electrons.
3. From the FUV data we determine the minimum WIC/SI12 signal ratio corresponding to the protondominated arcs. The Monte Carlo proton and electron auroral codes Hubert et al., 2001 ) are used to calculate the LBH/Ly-α intensity ratio emerging from the atmosphere and observed from a high altitude spacecraft such as IMAGE. This first efficiency curve (Fig. 4) was obtained considering both the contribution of the protons and their secondary electrons to the total WIC signal. To estimate the uncertainties associated with the shape of the proton energy spectrum, we have calculated the efficiency curve both for a monoenergetic and for a kappa (κ = 3.5) distribution. Using these efficiency curves and the WIC/SI12 signal ratio we determine the mean energy of the precipitating protons.
4. The mean proton energy can subsequently be used to estimate the value of the SI12 counts rate for the proton flux with this mean energy from the second efficiency curve (Fig. 5) . This curve provides the dependence of the calculated SI12 counts on the mean proton energy for a unit flux precipitation of 1 mWm −2 . As before, this efficiency curve was calculated for monoenergetic (see Fig. 2 in Gérard et al., 2001 ) and kappa distributions. In the monoenergetic case, the increase in the WIC/SI12 ratio at low energies (Fig. 4) stems from the faster drop in the SI12 signal compared to WIC with decreasing energy. This effect reflects the different energy dependence of the relevant cross sections. Differences in the behavior of the WIC/SI12 curves for monoenergetic and kappa-function cases, as well as the quantitatively different behavior of SI12 (see Fig. 5 ) at low energies can be explained by the presence of a more energetic tail (particles with energies higher than mean energy) in kappa distributions.
The total energy flux of the auroral protons is obtained by dividing the observed SI12 signal by the calculated efficiency of Ly-α value of the signal. It is important to note that these efficiency curves were calculated for downward vertical viewing. For actual comparisons of the estimated proton flux parameters with in situ measurements, the view angle from nadir of the observation must be taken into account.
Validation of the method
To test the validity of the method of determination of the proton flux parameters from the FUV SI12 and WIC images, comparisons of several in situ measurements were made during satellite overflights of proton-excited auroral structures. 
DMSP satellite
The Defense Meteorological Satellite Program (DMSP) satellites are quasi-polar sun-synchronous satellites at a nominal altitude of 830 km with an orbital period of about 100 min. DMSP F15 carries the SSJ/4 auroral particle spectrometers which measure the electron and ion particle fluxes between 30 eV and 30 keV. The detectors are oriented towards the zenith and provide energy spectra of electrons and ions every second in 20 logarithmically spaced energy channels. The DMSP F15 satellite crossed the peak of a protonexcited structure on 26 November 2000, from 14:49:10 to 14:49:24 UT. At the peak of the proton emission, the magnetic local time (MLT) was 20:35 and the magnetic latitude (MLAT) was 65 • . The IMAGE-FUV SI12 observations of this arc are presented in Fig. 6 . They were made near IM- AGE apogee as the other cases described in this study. The WIC/SI12 signal ratio is shown in Fig. 7 . Close inspection of consecutive SI12 images during this period indicate that, in the proton arc sector, the maximum variation was approximately 10%. Figure 3 shows that the electrons contributed less than 15% of the total (proton + electron) energy flux at the center of the detached proton arc.
The signal background for WIC and SI12 was taken as 450 analog units (ADUs) and 4 counts, respectively. Following background subtraction, the ratio of WIC/SI12 signals at the peak of the proton flux is equal to 17.4 ± 2. According to the first efficiency curve (Fig. 4) , the mean proton energy is estimated at 15.8±1.5 keV for monoenergetic and 16.2±1.7 keV for a kappa-function spectrum. The uncertainty given here only includes the propagated error due to the standard variation of the instrumental count rate. These values compare well with the mean proton energy values derived from simultaneous particle measurements on board DMSP 15 (Table 1). The values of the calculated SI12 counts per incident unit proton flux for the estimated mean proton energies are derived from the second efficiency curve and are equal to 18 counts for monoenergetic and to 21 counts for a kappafunction cases As may be seen in Fig. 6 , the maximum value of the observed SI12 signal is equal to 33 ± 3 counts. Using the ratio of the observed and calculated values of SI12 counts and a view angle of 15 • from nadir for an emission at 120 km, we finally infer a proton energy flux of 1.83 ± 0.1 mWm −2 and 1.6 ± 0.07 mWm −2 for the spectra we considered. These estimates are within 12% of the measured in situ values of the proton energy flux (Fig. 3) which has a peak value of 1.8 mWm −2 .
FAST satellite
Four electrostatic analyzers (ESAs) on board the FAST satellite probe all pitch angles in the spacecraft spin plane. The measured energy range is 3 eV to 25 keV for ions (Carlson et al., 1998). The spacecraft altitude is close to 4000 km. A measurement is made every second, corresponding to a spatial resolution of ∼10 km. FAST satellite orbit 15 226 flew over a proton arc structure ) on 24 June 2000 at 06:17:00 UT (MLAT=60 • and MLT=22:00). The structure was relatively stable with less than 20% variation of the SI12 count rate during the arc crossing.
Following the same procedure as for DMSP, the WIC/SI12 ratio ∼10.9, and accordingly, the mean proton energy can be estimated between 10.7 ± 0.8 keV and 9.0 ± 0.9 keV for the monoenergetic and kappa-function cases, respectively. Starting from an observed SI12 signal of 72 counts and taking the view angle and the resulting brightening into account, the proton energy flux is estimated at 1.2 ± 0.06 mWm −2 and 1.0 ± 0.04 mWm −2 for the monoenergetic and kappa-function spectra, respectively. These values are in fairly good agreement with the FAST measurements, giving a peak value of 1.4 mWm −2 for the proton energy flux at a mean proton energy of ∼10 keV.
Spatial resolution
As discussed before, remote sensing determination of the characteristics of the auroral proton precipitation is essentially limited to cases when proton excitation of the N 2 LBH bands measured by the WIC imager dominates over the primary electron contribution. These conditions may be verified a priori when direct in situ measurements from a low altitude orbit are available. In other circumstances, both the MLT and MLAT locations and the relative displacement of the regions with high SI12/WIC ratios may be used as criteria, indicating proton-dominated regions.
The spatial resolution of the SI12 imager is much broader than the in situ particle measurements. For observations from IMAGE apogee (geocentric distance of 8.2 R E ) it is on the order of ∼150 km. Therefore, it cannot resolve the fine structure of the proton aurora. The in situ particle flux observations provide a much higher spatial resolution, better than 10 km for the DMSP satellites, allowing for the fine structure of the proton precipitation to be observed. In any case, the charge exchange process broadens the hydrogen emission to greater than 100 km (Deehr and Lummerzheim, 2001) , even if the instrumental resolution was perfect. This process results in the spreading of an initially confined beam. Consequently, the Ly-α emission is not expected to follow the high-resolution morphology of the proton source. This dilution effect was modelled by Kozelov and Ivanov (1992) , who investigated the H + -H beam spreading with a Monte Carlo model. They showed that the radius of the beam encircling 80% of the energy flux strongly varies with altitude and maximizes above the altitude of maximum energy deposition. It is typically 100-150 km wide for 1-10 keV protons. Figure 9 shows that the corresponding features of the fine structure are not seen in the SI12 image of this subauroral arc.
We now apply the method to the analysis of the FUV data along this orbit. From the WIC/SI12 ratio of ∼11.8, the mean proton energy can be estimated at 11.4 keV and 9.8 keV for the monoenergetic and kappa-function cases. With an observed SI12 signal of 12 counts and a FUV view angle of 35 • from vertical, we determine a proton energy flux of 0.56 mWm −2 and 0.47 mWm −2 for the monoenergetic and kappa-function spectra, respectively. These values are significantly less than the peak value of 2.25 mWm −2 of the observed in situ proton energy flux. The reason for this disagreement lies in the different spatial resolution of the FUV and DMSP measurements. If the DMSP flux data is averaged over 30 s, corresponding to the SI12 effective resolution (Coumans et al., 2002) , we obtain a value of the proton energy flux of 0.53 mWm −2 and a mean energyĒ = 10−11.5 keV. This time corresponds to a latitudinal variation of 1-2 • of magnetic latitude. Consequently, if the different resolutions between the calculated and measured parameters of the precipitating protons are accounted for, the measured average energy and fluxes are in very good agreement.
A similar fine structure was observed in a detached subauroral arc on 23 January 2001 at 23:25:00 UT (MLAT=66.2 • and MLT=16:29). The calculated values of the proton energy flux are 0.98 mWm −2 and 0.86 mWm −2 for the monoenergetic and kappa-function cases. The DMSP F13 satellite measurements give a peak value of 2.78 mWm −2 , but once averaged over ∼30 s the value is reduced to 0.9 mWm −2 . Application of the method described before gives a mean proton energy of 16.4 keV and 17.5 keV for the monoenergetic and kappa-function cases. The average DMSP energy is equal toĒ = 15 − 17 keV. In this case the comparison of the measured and calculated proton energy flux parameters also shows good agreement.
The occurence and characteristics of the subauroral detached proton arcs was discussed by Immel et al. (2002) and Burch et al. (2002) . The DMSP overflight of 23 January 2001 followed a brightening of the dusk sector proton aurora and a separation of the equatorward portion returning to a low value, following a B y reversal from negative to positive. Immel et al. (2002) used FAST particle data obtained in the Southern Hemisphere to infer that the arc was exclusively excited by proton precipitation. Assuming a mean proton energy of 20 keV, they inferred a proton flux of 1.2 mWm −2 , in reasonably close agreement with our value of 0.9 mWm −2 . 
Discussion and conclusions
One of the goals of the FUV imaging system on board the IMAGE satellite is to remotely evaluate the parameters of the precipitating auroral protons and electrons. Spectra of the precipitating particles are generally characterized by the shape of their distribution, their mean energy and energy flux in addition to their pitch-angle distribution. Consequently, once a pitch-angle distribution and a functional distribution of the energy spectrum are selected, four unknowns must be determined from three FUV channels. It is generally necessary to assume the value of one of the parameters or to use some additional information (e.g. ground-based observations of auroral HI Balmer emission; in situ measurements of particle fluxes; data from neutral atom imagers, etc.). For the two specific cases of a pure proton or electron aurora, the number of unknowns is less than the number of FUV signals and, it is therefore possible to fully characterize the flux parameters once the shape is assumed to be known. It was shown in this study that this method allows one to correctly estimate the main two parameters of the proton precipitation in proton-dominated arcs.
To model and extract the data from IMAGE, we use kappafunctions with an upper boundary at 120 keV. The highest energies measured by the DMSP and FAST detectors are 30 and 25.2 keV, respectively. The mean proton energies and energy fluxes derived from in situ measurements may thus be underestimated due to the possible presence of electrons and mostly protons exceeding these limits (Coumans et al., 2002) . Nevertheless, the comparisons presented in this study are reasonable, since the mean proton energies derived from FUV are substantially less than the detectors' upper limits (Table 1) .
As mentioned before, it was assumed that the proton precipitation dominates over the electron component on the basis of the observed WIC/SI12 ratio. Instead, if primary electrons also contribute to the WIC signal, the WIC/SI12 ratio will be higher than for a pure proton-induced auroral emission. Figure 4 indicates that neglecting the electron contribution will therefore lead to an overestimate of the mean proton energy and a subsequent overestimate of the precipitated proton energy flux (Fig. 5) . As an example, we take a proton arc characterized by a WIC/SI12 ratio of 12 and compare the proton flux and energy with a mixed proton-electron feature, where WIC/SI12 = 15, that is where 20% of the WIC signal is due to the presence of electrons. In the pure proton case, we derive for a kappa distribution a mean proton energy of 9.7 keV, to be compared with 13 keV (15% overstimate) in the electron-contaminated case. The energy flux is overestimated by 16% due to the presence of electrons in the auroral beam. For monoenergetic precipitation, the mean energy is overestimated by 17% and the flux by 18%.
Another important limitation of the method is the spatial resolution of the IMAGE SI12 camera. This limited spatial resolution does not allow one to infer the fine structure of the proton precipitation but can only provide spatiallyaveraged values. Application of our method to four cases of proton-dominated structures indicates that the average energy flux is on the order of 0.5-2 mWm −2 , with mean energies above ∼10 keV. These values refer to two different categories of proton aurora. One is the extended region located equatorward of the electron oval in the afternoon and premidnight sector during quiet and moderate conditions (cases 1 and 2 of Table 1) , where the method applies in a straightforward way. The second category corresponds to the detached proton auroral arcs recently discovered with the FUV imagers (cases 3 and 4). In this case, the method must be used with caution as a consequence of the limited FUV spatial resolution.
As discussed in Sect. 3, the comparison of the remotely determined proton precipitation characteristics with in situ measurements from a low altitude satellite requires auroral stability over several consecutive FUV images. However, the simultaneity of the WIC (10 s) and SI12 (5 s) snapshots is not a serious limitation for the remote determination of the auroral precipitation at the time of the individual FUV observations.
